Viruses, plasmids, and prions can spread in nature despite being a burden to their hosts. Because a prion arises de novo in more than one in 10 6 
L
ethal viruses spread in wild host populations despite their undesirable effects. The transmissible spongiform encephalopathy of sheep (scrapie) and the similar chronic wasting disease of elk and deer are naturally infectious and spread despite often devastating effects on herds (1, 2) . Chromosomal genes occasionally cheat on meiosis to promote their own spread despite unfavorable effects on the host. The tail locus of mice, segregation distorter of Drosophila, and the spore killer of Neurospora, are well documented examples of alleles that prevent the inheritance of the normal allele (3, 4) . Retrotransposons litter mammalian genomes although they rarely, if ever, pay their way by benefiting the host (5, 6) .
Laboratory strains of Sacharromyces cerevisiae harbor an array of nonchromosomal genetic elements, including mitochondrial DNA; the 2 DNA plasmid; the L-A dsRNA virus and its toxin-encoding satellite, M dsRNA; the single-stranded RNA replicons 20S RNA and 23S RNA (7, 8) ] are self-propagating amyloid forms of the Ure2, Sup35, and Rnq1 proteins, respectively, whereas [␤] is the self-activating vacuolar protease B. Mitochondrial DNA is an obvious benefit to its host, and the killer toxin production by the M dsRNA satellite of the L-A virus provides a rationale for the natural selection of cells carrying L-A itself. However, the other nucleic acid elements all encode only viral coat proteins, RNA replicases, and other proteins promoting their own replication and segregation, and there is no known selective advantage of these replicons.
All of these elements are infectious in the sense that they are transmitted horizontally from cell to cell by cytoplasmic mixing in mating. These elements generally segregate 4ϩ:0 in meiosis and are transmitted from donor to recipient in cytoduction (transient heterokaryon formation). Thus, like mammalian viruses or meiotic drive genes, the yeast prions, viruses, and plasmids should spread through wild populations unless (i) the wild population has never come in contact with the element or (ii) the element is sufficiently disadvantageous that cells carrying it are selected against.
Viruses or plasmids rarely arise de novo, so a geographically isolated Saccharomyces population may lack one of these only because it has not encountered an infected, mating-compatible host. However there is no possibility that wild Saccharomyces populations could be isolated from the yeast prions, because these elements arise de novo in one in 10 6 cells. Thus the absence of a prion in wild strains would be a strong indication that it is a net disadvantage to its host.
Although most [URE3] strains show noticeably slowed growth and increased sensitivity to Cd 2ϩ and Ni 2ϩ (12) , it was reported that ure2 cells reached a slightly higher cell density under some conditions (13) and allow better tolerance of Na ϩ , Li ϩ , and Mn 2ϩ (14) , and it was suggested that [URE3] may thus be advantageous to yeast cells (15) .
It has been proposed that the [PSI ϩ ] prion is advantageous to the host, either to resist stress from heat or high ethanol concentration (16) or to adapt to various environments (17) Tables 1 and 2 . The identity of Saccharomyces bayanus, S. cerevisiae, and Saccharomyces paradoxus strains with Y-and YB-prefixes was determined from sequence similarity in large subunit (domains 1 and 2) ITS1͞ITS2 and IGS2 of rDNA (C.P.K., unpublished data). The identity of S. bayanus strains and many of the S. cerevisiae and S. paradoxus strains was further verified from nuclear DNA reassociation experiments (21) .
Standard rich medium (yeast extract͞peptone͞dextrose) and minimal medium (synthetic dextrose) were used (22) . For plasmid maintenance, geneticin (Invitrogen) was added to medium at a final concentration of 0.3 mg͞ml. When GuHCl was used, it was added to a final concentration of 3 mM unless otherwise specified. To induce the expression of the CUP1 promoter, 50 M CuSO4 was added to the medium. centromeric expression plasmid pH126 in which the ADH1 promoter-terminator set and LEU2 marker are carried. A PCRamplified Sup35NM fragment (residues 1-254, primers SUPNM-N and SUPNM-R) was cloned into the BamHI-XhoI site of the resultant plasmid pH126GFP, creating pH126SUP35NM-GFP. The LEU2 selection marker was replaced with KanMX by exchanging an EcoRI-BglII fragment of the plasmid for a 1.5-kb EcoRIBamHI fragment from pFA6aKanMX6 (24) . The resultant pKanMXSUP35NM-GFP is a plasmid in which fusion protein SUP35NM-GFP is expressed under the control of constitutive ADH1 promoter with G418 resistance. Next, the BamHI-XhoI fragment of the plasmid carrying Sup35NM was replaced with the URE2 prion domain (residues 1-89, primers URE2N-N and URE2N-R) or RNQ1 (residues 1-375, primers RNQ-N and RNQ-R), creating pKanMXURE2N-GFP and pKanMXRNQ1-GFP, respectively. The copper-inducible plasmid pCUP1SUP35NM-GFP was constructed by exchanging an ADH1 promoter NheIBamHI fragment in pKanMXSUP35NM-GFP for a 0.5-kb CUP1 promoter fragment (primers CUP1-N and CUP1-R).
Analysis of Aggregates of the GFP Fusion Proteins in Vivo.
Yeast strains transformed with the GFP fusion plasmids were incubated on a yeast extract͞peptone͞dextrose plate containing 300 g͞ml geneticin (GIBCO) at 30°C for 2 days. Transformants were directly examined under a fluorescence microscope (Axiovert 200M, Zeiss) for GFP fluorescence and photographs were taken by chargecoupled device camera (CoolSNAP fx, Photometrics, Tucson, AZ). To express Sup35NM-GFP under the control of the CUP1 promoter, yeast transformed with the appropriate plasmid was inoculated at an OD 600 of 0.05-0.1 into yeast extract͞peptone͞dextrose medium containing 300 g͞ml geneticin and supplemented with 50 M CuSO4. Cells were grown at 30°C and examined under a fluorescence microscope after 4 h and 32 h of incubation.
Sedimentation Analysis of Sup35p. Total protein extracts were prepared from Saccharomyces strains and fractionated into soluble and insoluble fractions by centrifugation (16) . The resulting protein samples were analyzed on 4-12% SDS͞polyacrylamide gels (NuPAGE, Invitrogen) and electrophoretically transferred to poly(vinylidene fluoride) membrane for Western blot analysis. Polyclonal Sup35p-specific antibodies were kindly provided by D. Masison (National Institutes of Health, Bethesda). Anti-rabbit secondary antibodies were purchased from Promega. Reaction and chemiluminescent detection were performed by using CDP-Star (PerkinElmer).
Genetic Tests for [URE3]
. On media containing a good nitrogen source, such as ammonia, Ure2p is needed for repression of enzymes and transporters (such as Dal5p) for using poor nitrogen sources. The [URE3] prion is the self-propagating inactive amyloid form of Ure2p and results in constitutive expression of the allantoate transporter Dal5p and, therefore, uptake of ureidosuccinate (USA). If a lawn (10 7 cells) of a ura2͞ura2 diploid is seeded on a synthetic dropout plate (containing ammonia) with 100 g͞ml USA, a small streak of a [URE3] strain will take up excess USA, convert it to uracil, and secrete it, allowing growth of the lawn in a halo around the tested strain within 24 h. This ''halo test'' is useful on wild-type strains because no special markers are required. Dead cells in the colony can release some uracil, giving a very weak halo after several days; such strains are further examined by guanidinecuring (a known feature of [URE3]), genetic tests, and examination for aggregation of Ure2p.
Cytoduction. Cytoplasmic mixing without transfer of nuclear markers from one strain to another is carried out using the kar1-1 mutation defective for nuclear fusion (25) . Cells of opposite mating type are mixed in water at high density and 0.1 ml of such a mixture is allowed to dry on a yeast extract͞peptone͞dextrose plate. After Ϸ7 h at 30°C, cells are streaked for single colonies on media selective against the donor strain. Donors are ϩ and recipients are o . Clones are shown to be cytoductants by their growth on glycerol and by their having the nuclear genotype of the recipient strain. Germinating spores can mate and be cytoduction donors to a can1 kar1 o recipient.
Tests for Nucleic Acid Replicons. PCR primer pairs specific for L-A dsRNA, L-BC dsRNA, 20S ssRNA, 23S ssRNA, and 2 DNA plasmid were designed and tested on known laboratory strains. The primers used are shown in Table 5 , which is published as supporting information on the PNAS web site. Total nucleic acids were isolated by using the Ambion (Austin, TX) RNA Pure kit. Aliquots were made 50% in dimethylformamide, heated to 95°C for 3 min, and diluted 20-fold into ice-cold PCR mixtures. Consistent results were obtain by using the following cycle: 60°C for 30 min, 95°C for 5 min, then 35 cycles of 95°C 15 sec, 55°C 30 sec, 68°C 1 min, and finally 68°C for 10 min. PCR products were analyzed on 1.5% agarose gels with ethidium bromide.
Results
We obtained Saccharomyces strains from several collections and a number of sources (Tables 1 and 2 ). These strains include isolates from five continents, with isolates from tap water, soil, feces, insects, fruit, grain, trees, sugar cane, olive oil production waste, human pathogenic strains, apple juice, pear juice, black currant juice, and a number of wine, beer, baking, and other fermentation strains. These strains were each examined for the presence of the known nonchromosomal genetic elements of Saccharomyces.
RNA and DNA Replicons Set a Standard. As expected, all of the strains tested carried mitochondrial DNA as shown by their growth on glycerol or ethanol. The evident advantage of mitochondrial DNA demands that it be in any wild strain. The L-A dsRNA virus supports the killer toxin-encoding M dsRNAs and so provides some advantage to its host, but is a disadvantage under certain conditions (26) . Of the isolates in a previous study, 17% were killers (27). We found that two of our 70 strains had a killer phenotype, but neither of these had L-A dsRNA. These two may be chromosomally encoded killers, such as those described in refs. 28 and 29. A further 15 strains carried L-A without the killer phenotype (Table 3) . The L-BC dsRNA virus and the 20S and 23S RNA replicons encode only RNA-dependent RNA polymerases and a coat protein (30) (31) (32) (33) , so it is unlikely that they provide any host advantage. Nonetheless, each of these RNA replicons is found in wild strains, (Table 3) . The 2 DNA plasmid encodes several proteins involved only in its own replication and segregation, and imposes a light but tolerable load on the cell, lengthening generation time by 1.5-3.0% (8, 34, 35) . We found that 2 DNA was present in 38 of the strains examined, including several S. bayanus and S. paradoxus isolates. Plasmids resembling 2 DNA have been described in even more distant relatives of S. cerevisiae (36) .
If yeast were a strictly asexual organism, a nonchromosomal element detrimental to the host would not be expected to spread in the wild. It is the existence of the yeast sexual cycle that enables parasites to become widespread. The distribution of L-BC virus, 20S RNA, 23S RNA, and 2 DNA provide a control, indicating that sexual reproduction is not a rare event in Saccharomyces. a fluorescence microscope (38) (39) (40) . Because this method does not require any genetic marker, we used it as a prion detection test for wild-type strains. A KanMX marker was used for plasmid maintenance and GFP fusion proteins were expressed under the control of the ADH1 promoter. Yeast cells transformed with the GFP fusion plasmids were incubated on yeast extract͞peptone͞dextrose plates containing 300 g͞ml geneticin at 30°C for 2 days. Transformants were examined directly under a fluorescence microscope, and focus formation was examined. Among 70 wild Saccharomyces strains, we found clear focus formation of RNQ-GFP fusion protein in 11 strains (Fig. 1) , and focus formation was cured by growth in the presence of guanidine in each case. However, we could not observe significant focus formation of Sup35NM-GFP or Ure2N-GFP in any of the wild strains (Table 4) . We found small foci of Sup35NM-GFP with very low frequency in YJM339, #1007, Boots, and Y1375, but these strains were all positive for RNQ-GFP foci and were, therefore, strong 
Red Star, and Fleischmann's
The suffix b or p means bayanus or paradoxus, respectively. All other strains are cerevisiae. ϩ, present; Ϫ, absent; ϩϩ, strong killer; nd, not determined. (38, 43) . We find that in all of the wild strains examined, Sup35p is mostly in the supernatant, indicating that the strains are [psi Ϫ ] (sample data in Fig. 2 ).
Discussion
The absence of [URE3] and [PSI ϩ ] in wild strains argues strongly that they are disease states. Their infectious nature and their relative stability combined with their arising spontaneously in one of 10 6 cells everywhere should lead to their abundance in natural populations if they were neutral and even more rapid spread if they were advantageous as has been proposed. Only their being a net detriment to cell propagation or survival could explain their absence in the wild. It remains possible that yeast in some niche is frequently [PSI ϩ ], because being [PSI ϩ ] provides an advantage under a particular circumstance. However, the kind of general promotion of stress tolerance or facilitation of evolvability suggested as roles for [PSI ϩ ] now seems unlikely.
We find [PIN ϩ ], a prion of the Rnq1 protein, in a modest proportion of wild yeast, comparable in frequency to the selfish nucleic acid replicons. Thus, this study does not rule out [PIN ϩ ] being advantageous to the host. However, except for L-A, the RNA replicons and the 2 DNA plasmid seem to be parasites encoding proteins only for their own propagation; yet, they are present in a similar significant fraction of the strains examined here. Deletion of SUP35 is lethal, and deletion of URE2 produces a distinct slowgrowth effect. Deletion of RNQ1 has no noticeable effect, so [PIN ϩ ] may be simply a less severe disease whose adverse effects are largely balanced by its ability to spread horizontally, not unlike many longstanding infectious agents of humans.
The killer trait was found in 17% of 154 wild strains in an earlier study (44) , but no dsRNA-based killers were found in our strains. We looked for L-A independent of the M satellite, and find it (narrowly) the most abundant of the four RNA replicons in the strains we examined.
Conceivably, the strains we examined are in some way not representative of yeast in the wild because of some collection bias or the effects of growth in the laboratory and storage. However, our [ (45) .
Are the sequences of Ure2p or Sup35p in some wild strains, particularly the nine S. bayanus and nine S. paradoxus strains, sufficiently different to prevent our detection of [URE3] or [PSI ϩ ] with the Ure2N-GFP and Sup35NM-GFP fusion proteins used? In fact, only trivial differences were found in Ure2p among a large group of S. cerevisiae strains (23) all included in this study, suggesting that they are capable of forming [URE3] and that the prion would be detected. Likewise, the sequence of the Sup35p prion domain varies little among isolates of S. cerevisiae (19, 20, 46) , suggesting that they could form [PSI ϩ ]. Despite significant prion domain sequence differences, the S. bayanus and S. paradoxus 
Strains were transformed with pKanMXURE2N-GFP, pKanMXRNQ1-GFP, pKanMXSUP35NM-GFP, or pCUP1SUP35NM-GFP, and cells were examined by fluorescence microscopy. Cells carrying pCUP1SUP35NM-GFP were examined at 4 h after addition of CuSO4 to the medium to check for [PSI ϩ ] and after 32 h to check for [PIN ϩ ]. The uracil secretion test was carried out as described in Methods and Results. The [URE3] of control strains was efficiently cured by growth on 3 mM (or 5 mM, denoted by asterisk) guanidine, but the ϩ͞Ϫ uracil secretion phenotype of a few wild strains was not affected by this treatment. Ϫ, absent or negative or not found; ϩ͞Ϫ, weak; ϩ, present; ϩϩ, strong; ϩϩϩ, very strong; nd, not done. The [Het-s] prion of Podospora anserina is necessary for the heterokaryon incompatibility of this filamentous fungus (49) , an apparently normal function that many (if not all) filamentous fungi carry out, perhaps to avoid infestation by dsRNA viruses. Indeed, most wild isolates of the het-s genotype carry the [Het-s] prion (50) . However, [Het-s] also supports a meiotic drive phenomenon in which spores with the non-prion-forming het-S genotype, which receive [Het-s] cytoplasm, are killed (50) . This fact makes [Het-s] look like simply a device to promote inheritance of the het-s allele. More detailed studies may be needed to distinguish these alternatives.
The prion domains of Ure2p and Sup35p are apparently dispensable for the functions of their respective proteins (51, 52) , and the conservation of these regions (20, 23, 53) has been invoked as an argument for the evolutionary importance of prion formation (17) . However, deletion of the prion domain of Sup35p resulted in phenotypes that were frequently different from either being [psi Ϫ ] or [PSI ϩ ] under several different conditions (17) , implying that the prion domain of Sup35p could have a function independent of prion formation.
Evolutionary pressure to keep down mutation rates comes from the overwhelming majority of mutations being unfavorable, whereas upward pressure comes from the cost of lowering the rates: If you spend all your time checking that the right base has been incorporated, you never make DNA. The need to mutate is not a significant factor (54) . Likewise, evolutionary pressure to keep down rates of translation termination read-through comes from the overwhelmingly negative effects of such events, whereas upward pressure comes from the cost of increasing fidelity: If you spend all your time checking the codon, you never make any proteins. Most nonsense suppressors are markedly deleterious (55) 
